Porcine sapeloviruses (PSVs) are widely distributed in pig populations; however, little information on their evolutionary history and the mechanisms driving their divergence is available. Therefore, in the present study, 241 fecal samples and 91 intestinal contents collected from pigs at 26 farms in Hunan, China, were tested for the presence of PSVs. The overall PSV positivity rate was 46.39 %, with a particularly high infection rate detected in nursery and fattening pigs. A total of 29 PSV strains (PSV-HuNs) were isolated, with these showing high genetic diversity based on phylogenetic and pairwise distance analyses of the capsidprotein gene sequences. Incongruence between phylognetic trees of the capsid-protein and 3CD regions indicated frequent recombination within the PSV-HuNs, and a putative recombinant hotspot near the 3¢ end of the P1 region was identified. Our results suggested that recombination played an important role in driving PSV genetic diversity and evolution.
Taxonomically, Sapelovirus A, formerly Porcine sapelovirus (PSV), belongs to the genus Sapelovirus within the family Picornaviridae [1] . The PSV genome consists of a single molecule of linear, positive-sense, single-stranded RNA of 7.5 kb and comprises a single, large ORF that is translated into a single polyprotein. The polyprotein is cleaved posttranslationally by virus-encoded proteinases in a stepwise fashion to produce 12 mature proteins, including a leader protein (L), four structural proteins (VP1-4), and seven nonstructural proteins (2A-C, 3A-D) [2] [3] [4] .
PSV infections in the field can cause either asymptomatic or symptomatic infections. In the former case, co-infections of PSV with other enteric pathogens are common [5] [6] [7] [8] . Recent cases of PSV infections have been associated with atypical neurological symptoms, including spinal cord damage, inappetence, compromised ambulation, ataxia, incoordination, mental dullness, paresis, paralysis and a decreased response to environmental stimuli [9, 10] . However, experimental PSV infections are associated with a wide spectrum of symptoms, including diarrhea, respiratory distress and polioencephalomyelitis, presenting as ataxia and leg paralysis [11] . PSV infections have been reported in many countries [3, 8, 10, [12] [13] [14] [15] [16] . The first documented PSV strain in China (csh) was identified in 2009 [11] , and additional strains have been reported in recent years [3, 17] .
Although genetic diversity among PSV strains has been demonstrated based on phylogenetic analysis of the VP1 gene [16] [17] [18] , the underlying mechanisms driving PSV evolution remain unclear. Therefore, the objective of this study was to characterize the prevalence and genome of PSV strains identified in the Hunan province of China to help clarify the mechanisms driving PSV evolution. The nearcomplete genome sequences were obtained and compared with those of other known PSVs available in GenBank. Phylogenetic and pairwise distance analyses were performed to determine their genetic relationships, and recombination analysis was conducted to clarify the potential factors contributing to the patterns of genetic diversity, which, in turn, determine the nature of PSV evolution.
To investigate the prevalence and molecular genetic relationship of PSV strains in Hunan, China (PSV-HuNs), 241 fecal samples and 91 intestinal contents were collected from pigs across 26 farms in the province from February 2014 to April 2017. Among the samples, 101 were obtained from pigs aged 5 to 70 days and with a history of diarrhea, with the remaining 231 samples collected from pigs without clinical signs and ranging in age from 5 to 140 days. Aliquots of 0.5 g of fecal material were homogenized in 1 ml ice-cold Roswell Park Memorial Institute (RPMI)À1640 medium (GE Healthcare Life Sciences, Pittsburgh, PA, USA) containing 1 % penicillin and streptomycin (P and S) in a ball mill (Retsch, Haan, Germany) and clarified by centrifugation at 12 000 g for 20 min. The intestinal contents were directly clarified by centrifugation at 12 000 g for 20 min. Part of the supernatant (0.2 ml) was transferred into a 2 ml Eppendorf tube and used for viral RNA extraction (TIANDZ, Beijing, PR China), and the remaining supernatant was stored at À80 C until use. The viral cDNA was synthesized with random primers using the RevertAid First Strand cDNA synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions.
The known genomic sequences of PSV were downloaded from GenBank and analysed with the Lasergene package (DNAStar, Madison, WI, USA). A pair of primers (PSV-Fp: 5¢-CGTGCTCCTTTGGTGATTC-3¢; PSV-Rp: 5¢-GAAA-GAGTAGTAGTAGATTCC-3¢) located in the conserved 5¢ UTR was designed to amplify a 270 bp fragment of PSV. PCR was performed under the following conditions: an initial denaturation step at 94 C for 5 min, followed by 35 cycles at 94 C for 30 s, 53 C for 30 s, 72 C for 15 s, and a final extension at 72 C for 7 min. PCR products were analysed by 0.8 % agarose gel electrophoresis and visualized under ultraviolet illumination after ethidium bromide staining. Differences in PSV prevalence rates were investigated by chi-square tests using SPSS software version 19.0 (IBM, USA). The results were considered significant at P<0.05. The high PSV prevalence was found in nursery and fattening pigs, which was significantly (P<0.01) higher than that in suckling pigs. Nevertheless, PSV prevailed in pigs of all ages, indicating that PSV can likely coexist with their hosts over the long term. Additionally, suckling pigs without signs of diarrhea had a significantly (P=0.017) higher infection rate (21.57 %) than those with diarrhea (6.35 %), but there was no significant difference between nursery pigs without signs of diarrhea (60 %) and those with diarrhea (60.53 %) ( Table 1) . These results were consistent with previous studies showing that PSV is widely prevalent in pigs with diarrhea [16, 17] . However, it was interesting that the pigs without diarrhea had a significantly (P<0.01) higher infection rate (54.98 %) than those with diarrhea (26.73 %), which suggested that PSV might not be pathogenic in some cases or exhibit a neutral effect on its host.
PSV prevalence among pigs ranging in age from 2 to 20 weeks at two commercial farms and without a history of diarrhea was further investigated in detail. A higher PSVinfection rate was especially found in those pigs aged 8 to 16 weeks (Table S1 , available in the online Supplementary Material).
The supernatants of 136 fecal samples and 18 intestinal contents that were identified as PSV-positive were then passed through sterile 0.22-µm filters (PALL, Port Washington, NY, USA), diluted 1 : 10 in RPMI-1640 medium containing 1 % P and S, and incubated with monolayers of porcine kidney (PK-15) cells in 24-well plastic culture plates (Corning, Corning, NY, USA) for 1 h at 37 C in 5 % CO 2 . Fresh RPMI-1640 medium/2 % newborn calf serum (Invitrogen, Carlsbad, CA, USA)/1 % P and S was then added, and incubation continued for 4 days. Cultures were freeze-thawed three times and then passaged in fresh PK-15 cells. Overall, 29 of the samples showed a cytopathic effect characterized by shrinkage, rounding and the detachment of cells after three passages. The culture supernatants of these were collected and stored at À80 C until required.
Viral RNA was extracted from supernatants, and reverse transcription was performed using the RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific) according to the manufacturer's instructions. PCR amplification of cDNA was performed using pfu DNA polymerase (TSINGKE, Beijing, PR China). Five primer sets (Table S2) were designed to amplify the overlapping regions of the polyprotein gene of each identified PSV strain based on published genomic sequences of PSV reference strains (Table S3 ). The PCR products were analysed by agarose gel electrophoresis and then sequenced (TSINGKE). The nearcomplete genomes of the 29 PSV isolates, tentatively named PSV-HuN5-33 were sequenced and submitted to GenBank (accession nos. MF440633-MF440661).
Through alignment of the coding sequences and prediction of protease cleavage sites of the 29 PSV-HuN strains with those of other known PSVs [4] , the polyprotein genomic sequence was found to contain from 6972 to 7005 nucleotides encoding a 2323-to 2334-amino acid (AA) sequence, with most PSV-HuN strains containing 6996 nucleotides and encoding a 2332-AA sequence. Differences in the encoded sequences were significantly related to the insertions or deletions of AAs occurring in the C-terminal region of VP1 as compared with all other sequenced PSV strains exhibiting the most common genome organization (Fig.  S1a) . The C-termini of VP1-VP3 are located on the surface of the virion and responsible for the distinct morphology and antigenicity of each picornavirus [19, 20] . In particular, the C-terminus of VP1 induces neutralizing antibodies in many picornaviruses, thereby indicating the presence of exposed antigenic sites [21] [22] [23] [24] [25] . Strains HuN21 and HuN32 contained four AAs (STAE) inserted between AA 283 and AA 284, with another proline insertion between AA 286 and AA 287 of VP1, which was consistent with our previous report [17] . Strain HuN6 also contained three additional nucleotides corresponding to an additional leucine inserted between AA 286 and AA 287. Strains HuN9, HuN22 and HuN31 showed a 7-AA deletion between AA 282 and AA 290, and strain HuN12 showed an 8-AA deletion between AA 282 and AA 291 (Fig. S1a) . Additionally, strains HuN21 and HuN32 contained a 2-AA deletion between AA 57 and AA 60 of VP3, which was unique among all other sequenced PSV strains (Fig. S1b) .
For phylogenetic analysis, a set of sequences was aligned using the ClustalW program within the DNAStar software.
Phylogenetic analyses were carried out by BEAST 1.8.1 using the Bayesian inference (BI) method and by MEGA version 6.06 (www.megasoftware.net/) via the maximum-likelihood (ML) method [26, 27] . The best-fit model of the nucleotides for each dataset was determined using jModelTest version 2.1.10 [28] . Specially, for the analysis of nucleotide sequences, the general time Reversible (GTR) substitution model with the proportion of invariant sites and gamma-distributed rate heterogeneity (GTR +G+I) was used by the BI method, and the GTR +I was used to construct the ML tree with 1000 bootstrap replications to test the phylogeny [26, 27] . During the analysis of the BI, a relaxed molecular clock with an uncorrelated log-normal distribution of rates and a chain length of 1Â10 8 generations was used, with sampling every 1000 generations, using an extended Bayesian skyline plot as a tree prior, and the burn-in was set at 10 % of the sampled states. The trees were assessed by the program Tracer (http://beast.bio.ed.ac.uk/tracer/) and were viewed by FigTree (http://tree.bio.ed.ac.uk/software/figtree/). To characterize the genetic divergence of PSV-HuNs, the distances were calculated by the uncorrected p-distance method using MEGA 6.06 software [26] .
The capsids of picornaviruses, containing four structural proteins (VP1-4), are immunodominant and hypervariable [29] [30] [31] [32] . Phylogenetic analysis based on the structural protein sequences is widely used to determine the taxonomy within the genus of picornaviruses [31, [33] [34] [35] . Phylogenetic analysis of capsid-protein gene sequences showed that all PSVs were separated into at least two clusters based on the topology of the evolutionary tree using the BI method (Fig. 1a) . Most of the PSV-HuN strains fell into cluster 1 along with most of the previously reported Asian (Chinese and Korean) PSVs, whereas strain HuN23 along with the previously reported PSV-HuN strains (HuN2-4) and strains HuN9, HuN12, HuN22, and HuN31 together with a closely related strain from the USA (ISU-SHIC) were separated into cluster 2. Additionally, the pairwise distances of capsidprotein gene sequences between PSV-HuNs ranged from 0.001 to 0.231. These data revealed substantial genetic diversity among the PSVs in Hunan, China.
However, phylogenetic analysis of all available 3CD gene sequences of PSVs showed a distinct phylogenetic topology with those of capsid-protein gene sequences (Fig. 1b) . Most strains were shuffled on the phylognetic trees for these different genomic regions, suggesting that the capsid-protein and 3CD regions evolved independently. The independent evolution of different genomic regions has been reported in other enteroviruses and suggests that recombination plays an important role in the incongruent tree topologies [36] [37] [38] [39] [40] [41] [42] . Therefore, we speculated that potential recombination events also potentially exist in the PSV-HuNs.
To detect potential recombination events within the complete polyprotein gene sequence of the 29 PSV-HuN strains identified, seven methods in the Recombination Detection Program (RDP) version 4.84 [43] were utilized, including RDP, GeneConv, BootScan, MaxChi, Chimaera, SiScan and 3Seq. The breakpoints and similarities were also defined by RDP. Putative recombinant strains were predicted with SimPlot version 3.5.1 software [44] , which identified phylogenetically informative sites supporting correlative tree topologies.
Recombination and mutation significantly contribute to virus evolution [45] , and recombination events have been widely observed in picornaviruses [46] [47] [48] [49] [50] [51] . In our previous work, a recombination event was reported in PSV [17] . In the present study, we performed recombination analysis of the polyprotein gene of the 29 PSV-HuN strains along with those of other known PSV strains using the RDP and SimPlot programs. Standard similarity plot analysis was conducted using the SimPlot program and the HuN6, HuN16, HuN23, HuN24 and HuN26 sequences used as separate queries. HuN6 showed a high degree of nucleotide sequence similarity with HuN17 in the P1 region, whereas the P2 and P3 regions were highly similar with those of HuN7 (Fig. 2a) . HuN23 exhibited significant sequence identity with HuN22 in the P2 and P3 regions, whereas a potential parent strain sharing a high degree of similarity in the P1 region of HuN23 could not be identified (Fig. 2c ). HuN24 displayed a high degree of similarity with HuN22 in the P2 and P3 regions, whereas a potential parent strain sharing significant sequence identity in the P1 region with HuN24 could not be identified (Fig. 2e ). HuN16 exhibited a high degree of similarity with HuN7 and HuN12 in the P1 region and the 2A-2B-5¢ half of the 2C region, respectively, whereas a potential parent strain sharing a high degree of similarity in the 3¢ half of the 2C and P3 regions with HuN16 could not be identified, suggesting more than one recombination event in its evolutionary history (Fig. 2g ). HuN26 displayed a high degree of similarity with HuN19 in the P1 and P3 regions and shared significant sequence identity with HuN12 in the intermediate P2 region, whereas a potential parent strain sharing a high degree of similarity with other regions of P2 with HuN16 could not be identified, also suggesting more than one recombination event in its evolutionary history (Fig. 2i) .
We then performed a bootscanning analysis to identify potential breakpoints in the recombinants, (Fig. 2b, d , f, h and j). A putative recombinant hotspot near the 3¢ end of the P1 region was identified in the five recombinants, consistent with the potential recombination hotspot located around the region encoding the C-terminus of VP1 in the enteroviruses genome [36, 39] . Currently, only a few PSVs have been sequenced completely, which offers minimal opportunity to detect recombination events. The recombination rules associated with PSV strains are expected to be clarified completely upon acquisition and sequencing of additional complete genomes for circulating PSV strains.
In conclusion, PSV wildly prevails in pigs in Hunan, China, with a particularly high infection rate circulating among asymptomatic pigs aged 8 to 16 weeks. The 29 PSV-HuN strains isolated in south-central China showed high genetic diversity based on phylogenetic and pairwise distance analyses of the capsid-protein gene sequences. Incongruence between phylognetic trees of the capsid-protein and 3CD regions indicated frequent recombination within the PSVHuNs, and a putative recombination hotspot near the 3¢ end of the P1 region was identified. However, the number of samples available for investigating PSV prevalence in our study was limited, and more samples will be processed in our future studies. Furthermore, the pathogenicity and clinical impact of this potential pathogen have not been investigated in detail. Therefore, further studies are planned to focus on the pathogenicity of these 29 PSV strains, with the aim of preventing an outbreak of this potential pathogen and avoiding economic losses to the pork industry.
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